Abstract
Introduction 34
The fundamental trade-off between the growth rate and efficiency in bacteria leads to 35 genomic features that distinguish between copiotrophs and oligotrophs (Lauro et decreases when the rrn copy number increases in several strains of bacteria (Roller et al., 47 2016 ). As such, high rrn copy number indicates a copiotrophic strategy while low rrn copy 48 number predicts an oligotrophic one. 49
As bacteria adopt different ecological strategies, the rrn copy number in their genomes 50
varies from 1 to as many as 15 (Klappenbach et al., 2000) . Bacteria have the potential to 51 rapidly change their rrn copy numbers in adaptation to the growth condition, as mutant 52 strains of B. subtilis with only one copy of rrn increased their rrn copies through operon 53 duplication within generations (Yano et al., 2013) . Despite the potential for rapid change, 54 there is clearly phylogenetic signal in bacterial rrn copy number, as closely related species 55 tend to have similar rrn copy numbers (Kembel et al., 2012) . The existence of such 56 phylogenetic signal suggests that rrn copy number, albeit labile, is under strong natural 57 selection. Although rrn copy number cannot be directly measured for environmental bacteria, 58 the phylogenetic signal in rrn copy number makes it possible to estimate the copy number 59 from the 16S rRNA gene sequence alone (Kembel et al., 2012) . And such method is 60 4 applicable to both 16S rRNA amplicon and shotgun metagenomic sequence data, making 61 prediction of ecological strategies of individual bacterial species and the whole community 62 relatively simple and straightforward. 63
Results

64
First we set out to identify an optimal rrn copy number that can be used to classify 65 oligotrophs and copiotrophs. We used 63 representatives of oligotrophs and copiotrophs 66 classified by Lauro et al (Lauro et al., 2009 ) as our training set. As expected, oligotrophs and 67 copiotrophs are well separated in their rrn copy number distribution ( Figure 1A) . The area 68 under the curve (AUC) of the receiver operating characteristic (ROC) curve is 0.86 ( Figure  69 1B), indicating that classification by rrn copy number has high accuracy (Šimundić, 2008) . Metagenomics database, we identified 275 animal and human-associated microbiomes that 100 were surveyed by both methods. We compared the ACNs estimated from the WGS and 101 amplicon sequences of these 275 samples and found that they were highly correlated 102 ( Figure 3 ). The r-squared of the one-to-one fit between the two ACNs was 0.708 and the 103 difference in ACNs estimated by the two methods was negligible (1.2% difference on 104 average). 105
Because ACN estimated from 16S rRNA amplicon data was reliable, we examined the ACN 106 of bacterial communities surveyed by amplicon sequencing in both the EBI Metagenomics 107
and Earth Microbiome Project (EMP) database (Thompson et al., 2017) . In total, we 108 analyzed 41,517 amplicon-sequenced samples from the two databases, which were 16 109 times larger than the WGS metagenomic data and together covered 11 environmental 110 categories and 74 environmental types (Supplementary Table 1 ). ACN from the amplicon 111 data varied between environment categories and showed a distribution pattern similar to 112 6 what had been observed in the EBI WGS metagenomic data ( Figure 2B ) and a previous 113 report ( Thompson et al., 2017) . Animal and human-associated bacterial communities had 114 highest ACN (median 4.5 and 4.6 respectively), followed by air and indoor surface 115 communities with intermediate ACN (median 3.7 and 3.1 respectively). Bacterial 116 communities in the other environments (freshwater, marine, non-marine saline, soil, 117 sediment, biofilm and plant-associated) all had low ACN (median less than 2.5). 118
We then examined the distribution of the rrn copy number within each of the 74 119 environmental types to directly assess the relative abundance of oligotrophs and copiotrophs 120 in each type of environment. Figure 2C shows that animal and human-associated bacterial 121 communities are dominated by copiotrophs (with 3 or more rrn copies) while free-living 122 bacterial communities are dominated by oligotrophs (with 1 or 2 rrn copies). Plant-associated 123 bacterial communities show a distribution of rrn copy number similar to those of the free-124 living ones, dominated by oligotrophs. We classified bacterial communities in which the 125 relative abundance of oligotrophs was greater than 60% as oligotrophic, and communities in 126 which the relative abundance of copiotrophs was greater than 60% as copiotrophic, and the 127 rest of communities as intermediate. We found that 91.5% of 31,835 animal and human-128 associated bacterial communities were copiotrophic, while 72.6% of 6,215 free-living and 129 71.2% of 3,467 plant-associated microbiomes were oligotrophic (Figure 4) . 130
Discussion 131
The rrn copy number has been shown to be a useful predictor of the ecological strategy of copy number can be estimated from 16S rRNA gene sequences alone and therefore is 160 applicable to both shotgun metagenomic and 16S rRNA amplicon sequence data. As such, 161 the metrics of average and distribution of rrn copy number can be applied in all sequence-162 based microbial surveys. Additionally, as the average copy number of rrn is weighted by the 163 relative cell abundance, it will capture the overall ecological strategy of a community even at 164 relatively low sequencing depth. These features make the community rrn copy number an 165 8 extremely useful quantitative trait for studying the microbial ecosystem. By providing a link 166 between the community structure and function, it adds values to 16S rRNA sequence data 167 beyond simply quantifying species composition, and can help researchers generate 168 hypotheses on how communities assemble in response to nutrient availability and other 169 environmental factors. In addition, it can be used as proxies of the average growth rate and 170 carbon use efficiency of bacterial communities to improve the current global carbon cycling 171 models that have fixed values for these parameters, as has been suggested previously 172 (Roller et al., 2016) . 173
Methods 174
Classifying oligotrophic and copiotrophic bacteria with the rrn copy number 175
Using 43 genomic features, Lauro et al classified 126 strains of bacteria as either 176 oligotrophic or copiotrophic (Lauro et al., 2009 ). We used these strains as a training set to 177 identify an optimal rrn copy number cutoff for oligotroph/copiotroph classification. To reduce 178 overrepresentation of certain clades, we selected one representative species from each of 179 the 63 genera represented by the 126 strains and whose complete genome sequence was 180 available (Supplementary Table 2 ). To evaluate the performance of using rrn copy number 181 for oligotroph/copiotroph classification, we calculated the true-positive rate and the false-182 positive rate using each integer from 1 to 15 as the copy number cutoff, plotted the ROC 183 curve and calculated the AUC. To find the optimal cutoff, we computed Youden's J statistic 184 for each cutoff, and selected the copy number that had the maximum Youden's J statistic as 185 the optimal cutoff. We then classified bacterial species whose rrn copy number was greater 186 than the cutoff as copiotroph, and oligotroph otherwise. 187
Compilation of Data 188
We used data from the Tara Oceans Expedition (Pesant et al., 2015) abundance table and the  193 environmental metadata from the TARA companion website (Sunagawa et al., 2015) . We 194 also downloaded the SILVA 16S rRNA reference sequences that were used in the TARA 195 study to pick OTU at 97% similarity, and estimated their rrn copy numbers using the method 196 described below. We analyzed 63 samples from the surface layer. 197
To explore the global ecological strategies of bacterial communities in nature, we compiled 198 bacterial diversity survey data from two large microbial survey repositories, the EBI 199
Metagenomics (Mitchell et al., 2018) GreenGene 13.8 16S rRNA reference sequences were used for OTU picking at 97% 207 similarity in both repositories. The rrn copy numbers of GreenGene reference sequences 208 were estimated as described below. We filtered out WGS metagenomic runs whose 16S 209 rRNA reads exceeded 5% of the total sequence reads and amplicon runs if less than 95% of 210 the sequence reads were 16S rRNA reads, as these samples were likely 16S rRNA 211 amplicon sequencing data mislabeled as WGS metagenomic data or vice versa. We then 212 removed samples if less than 80% of their 16S rRNA reads could be mapped to the 213 GreenGene reference sequences or if the total mapped reads were fewer than 400. We 214 removed samples that only surveyed or were enriched for a specific bacterial clade. We also 215 removed samples whose environmental types were too general or mislabelled, and 216 environmental types that contained less than 5 samples. At the end, a total of 44,045 217 samples (2,528 WGS metagenomic and 41,517 amplicon sequencing) remained after the 218 quality filtering. Together, they cover a total of 78 environmental types. We grouped these 219 environmental types into 11 categories: air, indoor surface, sediment, freshwater, marine, 220 non-marine saline, biofilm, soil, plant-associated, animal-associated and human-associated 221 (Supplementary table 1) . 222
Estimation of the average rrn copy number (ACN) of a community 223
The 16S rRNA gene copy number of each OTU in the SILVA and the GreenGene reference 224 databases was estimated using the phylogenetic ancestral state reconstruction method 225 described in Kembel et al (Kembel et al., 2012) with an updated reference tree of 1,197 226 bacterial species whose genomes were sequenced and 16S rRNA gene copy numbers were 227 known. The ACN of the bacterial community in a sample was weighted by the relative cell 228 abundance of OTUs, as shown in Equation (1) Estimation of the distribution of rrn copy number in communities of an environment type 238
11
The relative cell abundance of bacteria with a certain rrn copy number was calculated by 239 summing the relative cell abundance of all species in a community with that rrn copy number 240 (rounded to the nearest integer). To generate the distribution plot for an environmental type 241 ( Figure 2C) , we repeated the analysis for all samples (communities) of that environmental 242 type and calculated the average relative cell abundance of bacterial species with a certain 243 rrn copy number. 244 245
